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Efforts are underway in many areas to restore riparian zones to arrest and/or reverse their degradation 22 
and the subsequent loss of the ecosystem services they provide. Despite strong links between edaphic 23 
conditions and riparian zone function, limited research has tested how soil properties respond to 24 
restoration, especially in an experimental context. With this important knowledge gap in mind, we 25 
established a field experiment to asssess structural vegetation and soil responses in the eight years 26 
following to livestock exclusion and replanting in lowland streams in south-eastern Australia. On 27 
three streams, paired restored and control sites were experimentally established and we monitored 28 
vegetation (stem density, cover of bare ground and tree canopy, and loadings of organic matter), s 29 
once .beforehand, and then biennually afterw restoration. Selected soil propertiesoils (total carbon, 30 
total nitrogen, plant-available phosphorus) were sampled once shortly after restoration, then after 31 
another five years. Significant changes in structural vegetation occurred (e.g. decreased bare ground, 32 
increased plant stem density, organic matter, and canopy cover. In contrast, those soil properties did 33 
not respond. resulting in subsequent changes in soil properties (e.g. increases in soil carbon 34 
concentration). While vegetation changed significantly following restoration, soil responses did not. A 35 
mega-drought occurred throughout much of the study period which was immediately followed by 36 
severe flooding. The floods redistributed organic matter at our study sites, with this effect mediated by 37 
vegetation structure: the probability of organic matter retention was positivley correlated with 38 
groundcover and stem density of plants. The timing of flooding was also correlated with increased 39 
soil carbon and nitrogen, which could be due to increased productivity in these systems (for the 40 
former), or potentially due to increased fertiliser inputs or increased fixation (for the latter).   41 
Temporal changes in soil properties occurred that coincided with flooding and the redistribution of 42 
organic matter. Variability in this redistribution was mediated by vegetation structure – with the 43 
probability of retention increasing where groundcover and stem density of plants was highest. Our 44 
study provides is the first to comprehensive and experimentally test comprehensive experimental 45 
study examining how vegetation, litter layer and surface soil properties respond following riparian 46 
restoration, and will help guide the development and implementation of other monitoring 47 
programmes.  48 
Key words: agricultural landscapes, Australia, edaphic, land-use, livestock removal, revegetation  49 
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  51 
1. Introduction 52 
Riparian zones act as the interface between aquatic and terrestrial ecosystems, and are often 53 
among the most productive and biodiverse areas in landscapes (Naiman et al., 2005). Riparian zones 54 
provide a range of important ecosystem services, for example as habitat for flora and fauna (Naiman 55 
et al., 2005), and carbon sequestration (Smukler et al., 2010; Smith et al., 2012). One of the most 56 
important roles that riparian zones play is to regulate the transfer of nutrients and sediments into 57 
waterways (Likens et al., 1970), reducing the risk of eutrophication and biodiversity loss in aquatic 58 
environments (Naiman et al., 2005). This is especially important in highly modified agricultural 59 
landscapes where riparian vegetation is often in poor condition, and nutrient inputs, as well as rates of 60 
erosion and surfacewater runoff, are typically high (Lovett and Price, 1999).  61 
Despite their valuable ecosystem services, in many areas of the world riparian zones are highly 62 
degraded, and the pressures upon them are likely to increase under climate change, as they remain 63 
relatively more fertile and moist while upland areas become hotter and drier  (James et al., 2016). 64 
There is, however, an increasing recognition of the need to undertake management activities that 65 
attempt to return these ecosystem services (Naiman et al., 2005), generally by excluding livestock 66 
from the riparian zone and replanting native vegetation. While monitoring is critical to evaluate the 67 
success of these activites, it is rarely undertaken effectively, if at all. Consequently data required to 68 
demonstrate responses are rare and urgently needed (e.g. Brooks and Lake, 2007; Reich et al., 2016). 69 
Typically, when monitoring is undertaken, the emphasis is on assessing changes in structural 70 
measures (e.g. vegetation cover) rather than changes in ecosystem function (Palmer and Febria, 2012).  71 
Most nutrients entering waterways either pass through or over the soil surface depending upon 72 
their mobility in the soil environment (Likens et al., 1970). Edaphic conditions can strongly influence 73 
the ability of riparian zones to filter nutrients, for example, through their key role in regulating plant 74 
growth and development. The processing of nutrients and carbon in the soil is often extremely 75 
complex and dynamic, and strongly influenced by characteristics of the soil, for example, organic 76 
matter composition and soil microbial community composition (Smukler et al., 2010; Mackay et al., 77 
2016). The transformation of nutrients in the soil, which is largely driven by microbial processes 78 
(Sathya et al., 2016), can ultimately determine whether or not nutrients reach waterways (e.g. Gift et 79 
al., 2010). Given the pervasive links between soil processes and the overall functionality of riparian 80 
zones, it is important to not only consider soil properties (e.g. soil nutrients and C) as drivers of 81 
change, but also as valuable measures of restoration success. 82 
Despite the importance of soil properties to the function of riparian zones, few studies have 83 
examined how they might change following restoration. This can be in part be attributed to the 84 
difficulties associated with soil sampling, the large degree of spatial heterogeneity in some properties 85 
(e.g. Hale et al., 2014) and the potentially long lag times in response to changed management (Post 86 
and Kwon, 2000; Burger et al., 2010; Gift et al., 2010; Matzek et al., 2016). The exceptions have 87 
generally been observational rather than experimental (e.g. Burger et al., 2010; Smukler et al., 2010; 88 
Mackay et al., 2016). Dedicated experiments are needed to properly characterise changes in soil 89 
properties, and to identify the underlying drivers of these responses. In addition, as knowledge 90 
improves of how soils respond to management, it may be possible to identify more easily measurable 91 
variables that can be used as proxies to assess changes in soil properties (e.g. using canopy cover to 92 
predict riparian soil carbon - Smith et al., 2012). 93 
Here, we present results from an experiment established at three riparian locations in south-94 
eastern Australia to test how soils respond to livestock removal and replanting vegetation. We had 95 
two main aims: (1.) assess potential changes in structural vegetation properties following restoration 96 
and (2.) test if and when these responses led to subsequent changes in soil C, N and plant-avaliable P. 97 
Our first aim relates to the success of restoration implementation (i.e. do plants grow and survive), 98 
and how this development of replanted vegetation might change conditions within the riparian zone. 99 
While changes to soil properties might be predicted to be inevitable if restoration is successful, this 100 
assumption has not been tested, and it is also largely unknown when such changes are likely to occur. 101 
These two knowledge gaps were the basis for aim 2. 102 
 We initially developed a conceptual model outlining our predictions about when soil 103 
properties might change and the underlying drivers (Fig. 1). While a wide range of soil properties 104 
could change in response to replanting, we focussed on soil nitrogen, phosphorus and carbon. These 105 
are likely to be inherently less variable than some other parameters that could change following 106 
replanting (e.g. soil microbial community dynamics and mineralisation rates - Mackay et al., 2016), 107 
and thus be more suitable for detecting responses in the medium- to long-term (Hale et al., 2014). We 108 
hypothesized that soil nitrogen and phosphorus might decrease initially following livestock removal 109 
and thereafter through increased uptake as groundcover develops, based on evidence that soil 110 
physicochemial properties change following reforestation (Cunningham et al., 2015), and soil nutrient 111 
levels often decrease following restoration due to a number of factors including a cessation of 112 
fertiliser inputs, increased nutrient demand with a shift to tree-based vegetation, reduced levels of 113 
biological nitrogen fixation from leguminous pasture species, and increased nutrient immobolisation 114 
(Hooker and Compton, 2003). Work in the study region (Burger et al., 2010) has demonstrated that 115 
soil phosphorus in the riparian zone can be influenced by adjacent land use, especially fertilizer 116 
inputs, and we predicted therefore that this could override any response to restoration. We predicted 117 
that increases in soil carbon would occur in response to increased tree canopy cover (Post and Kwon, 118 
2000; Burger et al., 2010; Mackay et al., 2016), which is unlikely in the study region for at least 10 119 
years, based on the growth rate of the dominant riparian tree species in the study region, the river red 120 
gum Eucalpytus camaldulensis (CSIRO, 2004). However, we anticipated an increase in soil C:N 121 
ratios with time since restoration due a small increase in soil C due to increased plant inputs, and a 122 
decrease in soil N due to enhanced plant demand. There is some precedence for this with previous 123 
studies in riparian and non-riparian systems showing an increase in soil C:N with restoration 124 
(Cavagnaro, 2016; Cavagnaro et al., 2016).  125 
 Monitoring has been undertaken for eight years following restoration. While to our 126 
knowledge this is one of only a very few, if not the only, studies/study to monitor reponses of 127 
vegetation and soil to experimental, riparian restoration, it still represents only the early days along 128 
the ultimate trajectory of response. However, such updates are vital, presenting an intermediate 129 
assessment upon which to update our potential predicted responses. Also our study began during the 130 
most peristent and severe drought in south-eastern Australia since instrumental records began (Timbal 131 
and Fawcett, 2013) and continued throughout the breaking of the drought. Environmental conditons 132 
that occurred throughout this period were extreme, with 40% below long-term average 133 
rainfallgenerally ~500 mm/year during drought and higher than average rainfall (100-150 mm above 134 
average) which caused severe flood events at all sites when breaking  (Supplementary Figure S1). 135 
Such extreme events could potentially alter responses to restoration (Reich and Lake, 2015). As a 136 
consequence, we were able to address a third aim: (3) to test how floodplain inundation alters the 137 
quantity and distribution of surface organic matter. In particular, we were interested in testing how the 138 
probability of losing or retaining surface organic matter might vary as a function of structural 139 
elements on the floodplain (e.g. coarse wood, stem density of plants).  We anticipated that vegetation 140 
structure would influence organic matter dynamics during inundation by governing the retentive 141 
capacity of the floodplain. Examining these relationships may shed light on temporal changes in soil 142 
properties (especially soil C) that relate to factors unrelated to changes in riparian management. For 143 
example, sites with less retentive capacity (e.g. without coarse wood, fewer plant stems) might lose 144 
more surface organic matter during flooding, and in turn be places where rates of soil carbon 145 
accumluation are reduced 146 
 147 
2. Materials and Methods 148 
2.1 Study sites and climate 149 
We selected sites to be representative of typical, small lowland streams in the Murray-Darling 150 
Basin (MDB), south-eastern Australia, in an area where riparian restoration is becoming increasingly 151 
common (Brooks and Lake, 2007). Our sites met the following criteria: catchment size > 75 km2, 152 
annual rainfall 450-850 mm, stream order 2-5, altitude <500 m, valley slope <1.2. Over ~34,000 km 153 
of the stream length of the MDB (~25%) has these characteristics, and our sites therefore reflect the 154 
types of sites that are commonly the focus of restoration efforts in the area.  155 
Sites were located on three small lowland streams in the Murray-Darling Basin in south-156 
eastern Australia, Middle (-37.139, 143.913) and Joyces (-37.127, 143.962) creeks in the Loddon 157 
River catchment, and Faithful Creek (-36.619, 145.523) in the Goulburn River catchment (Fig. 2). 158 
This landscape is highly degraded as a result of the effects of a range of anthropogenic disturbances 159 
over the past century, in particular land clearance, mixed grazing and fertiliser application. The 160 
riparian zone along these streams are dominated by river red gum (Eucalyptus camaldulensis Dehnh), 161 
typically consisting of a strip only one or two trees wide with an understory of mainly exotic grasses 162 
(Williams et al., 2008). Mean annual adjacent land use based on dry sheep equivalents (DSE) 163 
(Griffiths, 1998) was 9.64 (±0.24 se) DSE/days/ha at control, and 3.90 (±0.24 se) at treatment sites 164 
following restoration.  Three pairs of sites were sampled, with a paired “treatment” (livestock 165 
removed and native tubestock planted) and “control” (unchanged management practices) site located 166 
on each of the three creeks. At each creek, sites were ~1 km long, with the control located 167 
approximately 3-4 km upstream to ensure independence from restoration activities. At all treatment 168 
sites, livestock were removed, native shrub and tree species planted as tubestock, and the site fenced 169 
to an average width of 20 m on both sides of the channel. Tubestock replantings were guided by 170 
modelled historical vegetation communities and local conditions (DSE, 2009). Livestock were 171 
initially removed from all sites in 2005, just prior to replanting. Sites were sprayed with a broad 172 
spectrum herbicide (glyphosate) and tubestock replanted in evenly spaced riplines (2-4 m apart) 173 
running parallel to the stream. Some additional replantings occured at Middle and Joyces Creek in 174 
2006 and 2007 due to variabilty in tubestock survival between sites. For details on the temporal 175 
sequence of the study (i.e. when restoration occurred, when field sampling was undertaken), see 176 
Supplementary Fig. S2a, and for further details of restoration methods see Reich et al. (2009). We 177 
outline below the methods we used to sample a range of response variables within the riparian zone 178 
and adjacent floodplain and paddocks, see Supplementary Fig. S2b for a visual representation of the 179 
sample scheme. 180 
2.2 Vegetation sampling 181 
Vegetation was sampled in the austral summer, once before  restoration (2005) and three 182 
times afterwards (biennually from 2009 onwards). Sampling was undertaken at six randomly selected 183 
permanent transects running perpendicular to the stream channel. Transects were located along the 184 
length of the site, separated by at least ~75 m, within the riparian zone (0.5-3.5 m from bank full 185 
height on the floodplain-herafter “Riparian”). Methods followed Williams et al. (2008) and Hale et al. 186 
(2015), with five randomly placed 1 m2 quadrats used to estimate the percentage cover of bare ground, 187 
dead organic matter (e.g. dead unattached plant matter, leaf litter, fruiting material) and total plant 188 
cover. We supplemented our visual estimates with quantitative sampling of coarse particulate organic 189 
matter (organic particles > 10 mm - Cummins, 1974, hereafter "CPOM"). This involved the collection 190 
of all organic matter at the centre of each of the five quadrats within a circular (30 cm diameter) 191 
sampling frame. To examine whether CPOM differed with distance from the channel as a result of 192 
flooding, in 2009 and 2011 CPOM samples were collected at two additional locations at all sites- 193 
from within the area between the bank toe and bank full height (hereafter “Bank”), and from 9.5-12.5 194 
m above bank full extending onto the floodplain (hereafter “Floodplain”). Samples were stored and 195 
transported to the laboratory in zip-locked plastic bags. In the laboratory, samples were transferred to 196 
a sieve and washed to separate the CPOM fraction from finer material, and large stones and gravel 197 
were removed. Each sample was then oven-dried at 70o C to constant weight for 12-72 hours to 198 
determine dry weight, and burnt in a muffle furnace at 500o C. Remaining ash was then weighed and 199 
ash free dry weight calculated as dry weight minus ash weight. Reliable relationships were detected 200 
between dry weight and ash free dry weight of CPOM for each site (linear regression R2>0.95), so for 201 
some later samples, ash free dry weight was calculated (AFDW/m2) using the linear regression 202 
equation of this relationship. Stem density was calculated as the total number of plants (number of 203 
planted tubestock plus naturally recruiting seedlings and number of trees) observed in each of the 204 
bank, riparian, and floodplain sampling zones at each transect (Fig. S2b). Canopy cover was estimated 205 
at Riparian and Floodplain locations at all sites in 2005 (i.e. before planting) and again in 2011 and 206 
2013 using hemispherical photos which were taken in late summer-spring and images processed using 207 
Gap Analyser (v.2). Coarse wood (any organic matter >0.1 m diameter and >1 m length) was 208 
surveyed at all sites in 2013 using published methods (Webb and Erskine, 2003), whereby individual 209 
pieces and accumulations of coarse wood are measured and expressed as volume per unit area. 210 
2.3 Soil sampling- field and laboratory methods 211 
Soil sampling was undertaken at all sites in the austral winter of 2007 and again in 2012. The 212 
timing of these two samples was chosen based on the hypothesized timing of likely changes in soil 213 
properties identified in Figure 1. Sampling followed methods used in an early study at these sites 214 
(Hale et al., 2014), with samples collected from the Riparian locations where vegetation sampling 215 
occurred. We also collected additional soil samples from adjacent paddocks (47-50 m from bank full 216 
height onto the floodplain) to examine potential links between phosphorus in riparian zones and 217 
inputs from nearby paddocks. Soil cores were taken from the 0-100 mm soil layer using a hand auger 218 
at ten randomly located positions along each transect. The cores from within each transect were 219 
combined, and a 2 kg sample of which was stored at 4o C until return to the laboratory for further 220 
analysis, leaving a total of N = six soil samples per site on each sampling occasion. Before 221 
physicochemical analysis, soil samples were sieved (<2 mm) to remove rocks, coarse roots and other 222 
debris. Total Carbon and Total Nitrogen were measured by dry combustion with a Leco 2000 CNS 223 
analyser, and C/N ratios calculated (Schipper and Sparling, 2000). Plant-available phosphorus was 224 
determined using the Mehlich-3 extraction method (Carter and Gregorich, 2008).  225 
 226 
2.4 Statistical methods 227 
2.4.1 Analysing temporal changes in vegetation and soil properties 228 
Linear mixed-effects models (lme function in the nlme package in R - R Development Core 229 
Team, 2009) were used to examine potential responses to changed management practices. For all 230 
variables (i.e. vegetation, CPOM, soils), models were run with Treatment (i.e. treatment or control), 231 
Year and Treatment*Year as fixed effects, with Creek (n = 3) as random, following the protocol 232 
outlined in Logan (2010). This approach provides analogous information to a repeated measures 233 
ANOVA. There were subtle differences in the analysis of different response variables. For vegetation 234 
variables sampled in 2005 (i.e. before livestock removal and replanting), we corrected data by 235 
subtracting the values for different variables observed in these initial samples (i.e. Value for time x – 236 
value prior to restoration). For these models, the Treatment term therefore describes whether a 237 
particular variable is different (i.e. a change that is statistically significant) after restoration, after 238 
accounting for values prior to restoration. For variables only sampled after 2005 (soil properties and 239 
CPOM), the Treatment term describes whether treatment and control sites are statistically different, 240 
but this could potentially be due to the continuation of pre-treatment differences between sites. In this 241 
case, the Treatment*Year term provides the test of potential responses to treatment. For analyses 242 
examining potential changes in riparian soil phosphorus, we included phosphorus concentrations in 243 
adjacent paddocks as a covariate, as adjacent land use can have a strong influence on riparian soil 244 
phosphorus in the region (Burger et al., 2010).  245 
 246 
2.4.2 Assessing changes in organic matter in response to flooding 247 
We calculated the change in CPOM for each sampling location (n = 108, i.e. 6 sites x 3 lateral 248 
zones within each site x 6 permanent sampling locations within each zone) as the amount of CPOM in 249 
2011 minus the amount of CPOM in 2009. We designated sampling locations where CPOM was lost 250 
as 1, and retained as 0 and modelled the probability of losing CPOM on two categorical factors 251 
(Creek and Lateral Zone) and three descriptors of structural vegetation (stem density, coarse wood, 252 
groundcover structure). Groundcover structure (calculated as the cover of plants and attached organic 253 
matter) and stem density were estimated in 2011. While measured in 2013, coarse wood loadings are 254 
unlikely to have changed appreciably as there were no major flooding events since 2011 when CPOM 255 
was sampled, and coarse wood can take several decades, even longer, to accumulate after replanting 256 
(Mac Nally and Horrocks, 2002). We initially ran a full model containing all factors, which indicated 257 
a significant Lateral Zone effect. We therefore ran separate models for each Lateral Zone initially 258 
including all factors then following a stepwise iterative approach where factors were removed based 259 
on changes in the Akaike Information Criteria (AIC). The fit and appropriateness of the model were 260 
evaluated with goodness-of-fit-tests following Logan (2010).  261 
 262 
3. Results 263 
3.1 Changes in structural vegetation properties 264 
We detected significant changes in structural vegetation properties following replanting and 265 
livestock removal (Figure 3, Table S1). Stem density increased at treatment sites, due predominantly 266 
to planted tubestock (Figure 3a, Table S1 “Treatment” term F1,10 = 11.93, p=0.01) although natural 267 
recruitment of woody species occurred at both treatment and control sites. Bare ground increased 268 
through time at control sites, but remained relatively constant, and low (<10%) cover at treatment 269 
sites (Figure 3b, Table S1 “Treatment” term F1,10 = 5.12, p=0.04). Cover of dead organic matter, 270 
plants, and twigs were comparable between treatment and control sites (Table S1). Canopy cover was 271 
significantly higher on the floodplain at treatment sites (Figure 3c, Table S1), but not within the 272 
riparian zone. Overall, loadings of CPOM did not differ between treatment and control sites (Figure 273 
3d, Table S1). However, the mean loading was higher at treatment sites in 2011 and 2013.  274 
 275 
3.2 Loss and retention of organic matter after flooding 276 
CPOM was most likely to be retained at locations with a greater degree of structure, 277 
particularly groundcover (Figure 4, Table S2), and this response was stronger in the riparian and 278 
floodplain zones than the Bank (Figure 4). The most parsimonious models for the Riparian and 279 
Floodplain zones based on AIC values also included stem density, and riparian coarse wood 280 
indicating that these structural elements may also be important, although their effects were not 281 
statistically significant. 282 
 283 
3.3 Changes in soil properties 284 
There was considerable temporal variability in all soil variables across both treatment and 285 
control sites i.e. changes through time not related to restoration (Table S3, “Year” term p<0.05 for all 286 
models). Neither total carbon nor total nitrogen concentration had responded to restoration, although 287 
overall increases in both variables were detected over time (Figure 5 a-b, Table S3). The C/N ratio of 288 
the soil decreased through time across both treatment and control sites, but remained significantly 289 
higher at restored sites (Figure 5c, Table S3). Concentrations of plant-available phosphorus in the soil 290 
were lower at treatment and control sites in 2012 compared to the earlier sampling time (Figure 5d). 291 
The concentration of plant-available phosphorus was also positively related to plant-available 292 
phosphorus in adjacent paddocks, although this relationship was not statistically significant (Table 293 
S3). 294 
 295 
4. Discussion 296 
Significant changes were detected in structural vegetation following replanting and livestock 297 
removal, with increased stem densities of plants, floodplain canopy cover and decreased bare ground. 298 
CPOM was not significantly different overall (although higher mean values were recorded at 299 
treatment sites in 2011 and 2013) and flooding led to a redistribution of organic matter at all sites. 300 
CPOM loss was greatest at locations with high percent cover of bare ground. In comparison, temporal 301 
changes in soil properties unrelated to restoration were observed (e.g. increases in soil carbon and 302 
nitrogen, decreases in plant-available phosphorus), but hypothesized responses to livestock removal 303 
and replanting did not occur. Interestingly, soil C/N ratios – a key driver of soil microbial activity – 304 
decreased over time, but were generally higher in restored sites. In summary, our results indicate that 305 
while significant changes in structural vegetation were observed, changes in soil properties may be 306 
slower to occur.  307 
 308 
4.1 Vegetation responses 309 
It is well established that livestock can degrade riparian plant communities (Robertson and 310 
Rowling, 2000), and that grazed riparian zones generally have less tree regeneration, fewer shrubs, 311 
and less groundcover biomass than in ungrazed areas (Kauffman and Krueger, 1984; Robertson and 312 
Rowling, 2000). The changes in groundcover we observed following restoration were consistent with 313 
responses that have been observed in other studies (e.g. Robertson and Rowling, 2000; Wevill and 314 
Florentine, 2014). While some of these responses, for example, increases in stem density, are not 315 
surprising given they simply reflect planting of tubestock, reporting on them is still important, as it 316 
provides an indication that tubestock have successfully established and grown. It also provides useful 317 
baseline data for future studies of this nature. 318 
We predicted (Fig. 1) that canopy cover may take several years to increase. The main tree 319 
species planted, river red gum (Eucalyptus camaldulensis), can reach >10 m height within several 320 
years of planting (CSIRO, 2004). Trees had not reached these heights during our study, especially 321 
within those replanted within the riparian zone, which may explain why we did not observe the 322 
increase in riparian canopy cover that occurred further out on the floodplain. It is likely that more 323 
pronounced increases in canopy cover will occur in the future as planted tubestock continue to grow 324 
and mature, especially if wetter conditions like those observed following 2011 continue.  325 
No overall differences in CPOM were detected, despite the mean loading being higher at 326 
treatement sites in both 2011 and 2013. It was not unexpected that this response was more complex 327 
than for other groundcover and litter variables measured, given that the main contribution to this litter 328 
fraction is derived from trees and shrubs. The recovery post-restoration of woody vegetation is likely 329 
to be slower than that of the ground cover layer which responds relatively rapidly to livestock 330 
exclusion (Sarr, 2002; Hough-Snee et al., 2013). It is likely therefore that significant increases in 331 
CPOM may take several more years to occur, as the canopy develops in the longer-term over the 332 
riparian zone. 333 
The distribution of organic matter at study sites was greatly influenced by flooding in 2010 334 
and 2011, which marked the end of a long period of record drought and resulted in floodwaters 335 
breaching the stream channel. Movement of floodwaters redistributed organic matter on the 336 
floodplain, and back into the stream channel as water levels receded. Locations with higher cover of 337 
bare ground, and thus limited structural vegetation, lost relatively the most CPOM, and this effect was 338 
most pronounced at sampling locations on the floodplain relative to those areas sampled closer to the 339 
stream channel. While previous studies have demonstrated that the retention of in-channel CPOM can 340 
be mediated by structural vegetation (e.g. coarse wood - Quinn et al., 2007), to our knowledge this is 341 
the first evidence of a similar phenomenon occurring on floodplains. The influence of flooding events 342 
on soil responses to riparian management warrants further attention. It should also be considered in 343 
the context of efforts seeking to build up accurate models of carbon stocks in revegetated riverine 344 
farmlands. 345 
 346 
4.2 Soil Responses 347 
Our results illustrate that plant-available phosphorus in the soil decreased at both treatment 348 
and control sites. Our earlier work in the region is consistent with our findings here that adjacent land 349 
use is likely to be a stronger influence on concentrations of riparian phosphorus than processes 350 
occuring in the riparian zone itself (Burger et al., 2010). This relationship between riparian and 351 
adjacent paddock plant-available soil phosphorus can be attributed to the movement of phosphorus 352 
attached to soil particles entering the riparian zone via erosive processes, rather than in the soil 353 
solution (Lucas et al., 2005; Naiman et al., 2005). We predicted that restoration would decrease 354 
phosphorus concentrations through the combined of effects of livestock removal leading to reduced 355 
waste inputs, and replanting leading to increased plant uptake, but these responses did not occur. This 356 
highlights the need to manage riparian zones for phosphorus interception where streams are adjacent 357 
to sites where soil phosphorus is high, such as intensive livestock farming, and situations where 358 
phosphorus fertiliser use is high. 359 
 With the increase in vegetation following replanting and exclusion of livestock, we 360 
hypothesized that the concentration of soil carbon would increase at treatment sites. However, this 361 
was not apparent, most likely because of the slow rate at which carbon accumulates in soils following 362 
the implementation of restorative measures. For example, Burger et al. (2010) found a trend towards 363 
increased soil carbon in sites that had been restored for more than 12 years in the same geographic 364 
region as the present study. In comparison, soil carbon has been shown to increase following 365 
restoration in other areas of southern Australia with higher net primary productivity and rainfall 366 
(Cavagnaro, 2016). Interestingly, we observed comparable increases in total soil carbon and nitrogen 367 
concentrations through time at both treatment and control sites along the three creeks. For carbon, this 368 
may be due to a general increase in productivity at all sites, associated with a wetter period that 369 
followed the long drought in the region, and also the effects of flooding altering the spatial 370 
distribution of organic matter. In comparison, the increase in total nitrogen through time may be due 371 
to increased nutrient inputs, or greater levels of nitrogen fixation in the systems (Hoogmoed et al., 372 
2014). This, however, is speculative, and highlights the need for further studies of inter-annual 373 
variation in soil carbon and nitrogen. It would also be interesting to monitor not only changes in 374 
(plant-available) mineral forms of N in these soils, but N cycling processes (e.g. Potentially 375 
Mineralisable N) which have previous been found to respond to restoration activities where N pools 376 
did not (Smith et al., 2012)  377 
Contrary to expectations, the C/N ratio of the soils tended to decrease over time, and 378 
especially so, in the restored sites. With increasing plant cover it was expected that there would have 379 
been a drawdown of soil nitrogen as the plants grew, and an increase in soil carbon as litter inputs 380 
increased. The decrease in C/N we observed, however was small, and is unlikely to have a large effect 381 
on soil ecological process that are strongly driven by soil C/N ratios (Cavagnaro et al., 2016; Mackay 382 
et al., 2016). It will, however, be important to monitor changes in soil C/N ratios over the long term as 383 
they have important implications of soil nutrient and carbon cycling processes. Furthermore, we have 384 
focussed here on soil nutrients and carbon as they are of great interest due to eutrophication and 385 
potential carbon sequestration. While the emphasis here was on changes in soil properties that were 386 
expected to change over the medium to long term, more dynamic responses over the short term, such 387 
as mineralisation rates and microbial community dynamics, will also be important, as has been found 388 
in previous studies investigating riparian restoration in the region ((Mackay et al., 2016)). Therefore, 389 
iIn future work, it will be important to broaden out the range of soil properties measured to include 390 
additional chemical, physical and biological variables..  391 
4.3 Integration and Conclusions 392 
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There has been limited work examining how riparian restoration might lead to changes in soil 393 
properties, despite the obvious links between soil processes and the function of riparian zones, and 394 
this is one of the first attempts to experimentally test how soil properties respond to changed riparian 395 
land practices. Our results illustrate that riparian restoration led to clear changes in structural 396 
vegetation but subsequent changed in the soil properties measured here have largely not occurred. 397 
One this basis, Thus, vegetation properties appear to provide more sensitive indicators of early change 398 
following restoration when compared to changes in the soil properties measured here. However, it is 399 
important to note that while there were no clear changes in the soil properties measured here, it is 400 
likely that there were changes in other soil properties, such as water soluble carbon, carbon and 401 
nitrogen mineralisation, and microbial biomass, activity and diversity, and are worthy of further 402 
investigation. Our results represent an important, intermediate update eight years following 403 
restoration, and confirm our expectations that changes in some soil parameters, especially carbon, are 404 
not likely to occur within the first decade following replanting. Nevertheless, we expect soil 405 
properties to exibit changes in the longer term (Fig. 1), and for these changes to have a significant 406 
impact on the recovery of ecosystem processes.  407 
Monitoring programs often fail because the underlying questions are not clearly defined and 408 
indicators are not justified (Lindenmayer and Likens, 2010). Based on relevant research from our 409 
study region and elsewhere (including non-riparian systems), we developed a conceptual model that 410 
outlines clear hypotheses about when different responses were expected to occur and the likely 411 
underlying mechanism. These hypotheses informed both the selection of indicators to monitor, and 412 
the temporal period over which monitoring needed to be conducted to test different hypotheses. While 413 
this approach in itself is not novel, many studies do not explicitly consider these elements, and the 414 
establishment and re-sampling of experimental sites to examine responses to restoration is not routine 415 
in the soil ecology literature. Using a similar approach to ours in other contexts, for example riparian 416 
zones in other areas of the world, or soil restoration undertaken in non-riparian systems, will provide a 417 
solid basis for beginning to test the potential generality of soil responses to restoration. Given the 418 
huge effort and level of replication involved in this study, it may be prudent in other similar studies to 419 
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delay detailed attempts to characterise responses to restoration for longer time periods over which 420 
responses might occur (e.g. 20 year). It will also be important to consider the sensitivity of different 421 
indicators and their associated time and costs requirements (Hale et al., 2014) to help guide the most 422 
cost-effective monitoring program. 423 
The data presented here also highlight the importance of considering extreme climatic events 424 
(floods and droughts) when undertaking stream and ripararian restoration, underscoring the need for 425 
long-term, well-designed monitoring programs to assess and evaluate responses (Reich and Lake, 426 
2015). This study has provided an invaluable insight into the likely short-term responses of soil 427 
properties to riparian management and continued monitoring will allow us to assess if responses 428 
predicted to occur over longer time scales (e.g. increased soil carbon) occur.  429 
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Figure captions 552 
Figure 1 Conceptual model outlining hypothesized responses to livestock removal and replanting in 553 
riparian zones in the southern Murray-Darling Basin, Australia. Clear boxes illustrate likely responses 554 
to livestock removal and vegetation replanting, and grey boxes how these effects may result in 555 
changes in riparian soil properties. 556 
 557 
Figure 2 Map of study sites. The inset map shows Australia, and an outline of the Murray-Darling 558 
Basin (grey), with our sites located with the black box. The larger map shows the location of Middle 559 
Creek (triangle), Joyces Creek (square) and Faithfull Creek (circle). 560 
 561 
Figure 3 Changes in vegetation properties at riparian sites in the southern-Murray Darling Basin 562 
2005-2013. Paired treatment (livestock removal and tubestock replanting) and control (unchanged 563 
management practices) were located on three creeks. Livestock removal and tubestock replanting 564 
occurred in 2005. (a.) Stem density of planted tubestock and natural recruits, (b.) Bare ground, (c.) 565 
Canopy cover on the floodplain, and (d.) Coarse particulate organic matter (CPOM). Mean (± 566 
standard error) shown. 567 
Figure 4 Results of logistic regression model showing the probability of losing coarse organic matter 568 
following flooding in relation to groundcover structure in the (a.) bank, (b.) riparian and (c.) 569 
floodplain zones moving out laterally from the stream channel. Data pooled across six locations on 570 
three creeks in the southern-Murray Darling Basin (see Fig 2 for details). Grey lines illustrate the 571 
predictions (and se) of the model for each predictor, with the other predictors held constant at their 572 
mean value. Values of 1 on the y-axis indicated locations where organic matter was lost following 573 
flooding, and values of 0 where it was retained. 574 
Figure 5 Changes in soil properties at sites sampled two (2007) and seven (2012) years following 575 
livestock removal and replanting of native tubestock within the riparian zone (T) and at paired control 576 
(C – no change in land use or replanting) locations at three creeks in the southern Murray-Darling 577 
Basin  (a.) Total carbon, (b.) Total Nitrogen, (c.) C:N ratio, (d.) Phosphorus. For further details of 578 
study and figure description see Fig 3 caption. 579 
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